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SUMMARY 

Tests were run on an exhaust-gas turbine having four separate 
nozzle boxes each covering a 90° arc of the nozzle diaphragm and 
each connected to a pair of adjacent cylinders of a Pratt & 
Whitney R-13UO-12 nine-cylinder radial engine. The total turbine 
nozzle area was 8«UU square inches. This type of turbine has been 
called a 5t blowdown !! turbine because it recovers the kinetic energy 
developed in the exhaust stacks during the blowdown period. The 
purpose of the test was to determine whether the blowdown turbine 
could develop appreciable power without imposing any loss in engine 
power arising from restriction of the engine exhaust by the turbine. 

At an engine speed of. 2000 rpm and. an inlet-manifold pressure 
of 33-5 inches of mercury absolute, the turbine power varied from 
9 percent, of engine power with a turbine exhaust pressure of 
23 inches of mercury absolute to 21 percent of engine power with 
a turbine exhaust pressure of 7-5 inches of mercury absolute. The 
engine power was decreased a maximum of 1 percent by the presence 
of the turbine at the. lowest turbine exhaust pressure as compared 
with the engine power delivered with a conventional collector ring 
discharging to an equal exhaust pressure. No engine-power loss was 
imposed by the presence of the turbine with turbine exhaust pres- 
sures greater than 20 inches of mercury absolute. The engine air- 
flow rate was not affected, by the presence of the turbine. 

The use of a blowdown turbine and a conventional turbosuper- 
charger connected in series is briefly discussed. An analysis is 
presented relating the test data to the mean jet-velocity data for 
the NACA individual-stack jet-propulsion system. 
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INTRODUCTION 

At the time of exhaust-valve opening, the pressure of the gas 
in the cylinder of an internal-combustion engine is considerably 
above atmospheric pressure; the gas is therefore capable of doing 
an appreciable amount of work by further expansion . When the cyl- 
inders are exhausted to a collector discharging either to the 
atmosphere or to the nozzle box of a conventional exhaust turbine, 
the kinetic energy produced at the end of the exhaust stacks by 
the difference between cylinder pressure and collector pressure is 
dissipated as heat in the collector* A turbine that converts this 
kinetic energy into shaft work has been called a "blowdora" turbine 
because it recovers the kinetic energy developed in the exhaust 
stacks during the blowdown period. 

With a suitable piping arrangement and turbine nozzle area, 
the power delivered by the blowdown turbine may be obtained with 
little or no decrease in engine power resulting from exhaust-pipe 
restriction. The maximum net power can be attained by discharging 
the exhaust gas from eacn cylinder into the turbine buckets as a 
separate jet and permitting each. cylinder to exhaust to the turbine 
outlet pressure. 

Several satisfactory exhaust-system arrangements exist. In 
one arrangement each cylinder may be connected to a separate nozzle. 
This arrangement would require a large total nozzle area and would 
result in an excessively large turbine size. The turbine size may 
be reduced approximately one-half at the possible cost of a slight 
loss in turbine power by connecting each nozzle to two cylinders 
having nonover lapping exhaust periods. In such an arrangement, the ■ 
exhaust discharge of each cylinder would still be a. separate event. 
Paired exhaust stacks, however, must be carefully designed to avoid 
an appreciable kineticr-energy loss at their juncture. 

In present aircraft engines, the connection of more than two 
cylinders to a single nozzle "would result in a considerable mechan- 
ical and design difficulty or, in some engines, would result in an 
overlap of the exhaust periods with a resultant increase of the 
engine back pressure. 

The present report describes the results of tests of a blowdoum 
turbine in which each nozzle served two cylinders that have nonover- 
lapping exhaust-valve-opening periods. The object of the tests was 
to determine the amount of power from the blowdovm turbine and the 
effect of the presence of the turbine on engine power. The tests 
were conducted at the Aircraft Engine Research Laboratory of the 
NACA at Cleveland, Ohio, from November 19U3 through January 19UU. 
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APPARATUS A.KD METHODS 

Construction of the blowdown turbine. - A diagrammatic drawing 
of the blowdown turbine used in the MAC A. tests is shown in figure 1. 
The turbine was constructed from a standard General Electric type B 
turbine wheel and bearing assembly and four nozzle boxes* Each 
nozzle box has an exit area of 2.11 square inches and covers a 
90° arc of the nozzle diaphragm. This exit area was chosen by the 
use of the methods and data of reference 1 as the area that would 
impose no power loss on the engine at its rated operating condir- 
tions. The exit of each nozzle box is divided into nine nozzles 
by flat vanes sufficiently long to guide the exhaust-gas flow at 
the inlet and discharge ends. 

A drawing of one of the nozzle boxes is shorn in figure 2. 
Photographs of a nozzle box and. the nozzle diaphragm assembly are 
reproduced in figure 3« The entire turbine was enclosed in a metal 
housing with four inlet pipes that extended through sliding glands 
to the outside of the housing. A labyrinth seal gland for the tur- 
bine shaft was provided around the opening between the insi.de of 
the Housing and an evacuated fore chamber. Leakage of air through 
this gland was reduced, to a negligible amount by adjusting the pres- 
sure difference between the labyrinth stages to 0 ±0.1 millimeter 
of water by means of an -air-operated jet pump in the line connecting 
the evacuated fore chamber to the altitude-exhaust system. 

Test setup. - The hlowdovrn turbine was connected to eight of 
the nine cylinders of a Pratt & Whitney R-13i|0-12 engine by means 
of four pipes having Y-shaped branches connected to adjacent cyl- 
inders. The gas from the turbine discharged to the laboratory 
altitude-exhaust system. The gas from the ninth cylinder discharged 
directly to the altitude-exhaust system, Tlit; engine air was sup- 
plied directly from the; room to tht; carburetor through a duct pro- 
vided with a. measuring orifice. A photograph of the test setup is 
shown in figure if.. 

The turbine power was absorbed by a water-brake dynamometer. 
Turbine torque was measured by a spring scale. The turbine speed 
was measured with a condenser- type tachometer. The accuracy of the 
turbine-rpower measurements was within ±1.£ percent. The temperature 
of the turbine exhaust gas was measured with a quadruple-shielded 
chrome 1-alume 1 thermo coup le . 

• The po^er of the engine was absorbed by a separate water-brake 
dynamometer. Engine torque was measured with a balanced-diaphragm 
torque meter of the type described in reference 2. Engine speed 
was measured with a magnetic-drag type of aircraft tachometer. 
Engine air flow was measured by a head meter with a thin-plate 
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orifice installed according to A.S.M.E. specifications for flange 
taps. Measurements of engi_ne power are estimated to be accurate - 
within ±1«5 percent. Engine fuel flow was measured with a sharp- 
edged-diaphragm density-compensated rotameter. Air-flow and fuel- 
flow measurements are estimated to be accurate within ±1 percent* 
Temperatures of engine air, rear spark-plug gasket, and carburetor 
air were measured with iron-constantan thermocouples. Pressures of 
engine inlet and turbine exhaust were measured with mercury manom- 
eters • Pressures in the air-flow system were measured with water 
manometers . 

Tests * - The tests herein described were run at an engine 
speed of 2000 rpm. The tests consisted of calibrating an engine 
with an exhaust collector and measuring the engine power and the 
turbine power with the blowdown turbine in place. 

Most of the tests were run at full engine throttle at an inlet- 
manifcld pressure of approximately inches of mercury absolute. 
Exhaust pressure was varied from ?•!"> to 29 inches of mercury abso- 
lute, In the turbine-power tests the turbine speed was varied. 
Additional tests with the turbine were run at part engine throttle, 
at engine inlet-manifold pressures of 2h to 19 inches of mercury 
absolute, a turbine exhaust pressure of 7.£ inches of mercury abso- 
lute, and with variable turbine speed. 

Methods of reducing test data. - A preliminary analysis of 
the operation of a blowdown turbine predicted that the power output 
P max at fee optimum turbine speed is given by a relation of the 
form 

550 ? raax - |M t v e 2 r, max (1) 

where 

^max e ffi°i enc y °f turbine (including bucket losses but excluding 
nozzle losses) at optimum biade-to- jet-speed, ratio 

mass flow of exhaust gas to turbine, slugs per second 

V e mean jet velocity at turbine-nozzle exit, feet per second 

Equation (l) was obtained by assuming that the instantaneous 
turbine bucket efficiency is a parabolic function of the instantane- 
ous blade-to- jet-speed ratio and is independent of the Mach number. 
The analysis (as shown by equation (1)) indicates that the term 
1-2 

-M^V^ is a measure of the available power* The conditions are 
almost exactly satisfied by single-stage impulse turbines unless the 
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Mach number becomes too high at which time the buckets choke and 
the instantaneous efficiency is reduced. The mean efficiency .T)^ 

of the blowdown turbine with any operating conditions, therefore, 
has been defined as the ratio of the turbine power output P t to 
the available paver by Cleans of the aquation 

1100 



Because the turbine was connected to eight of the nine cyiin^ 
ders of the test engine, the mass flow of gas through the turbine 
was therefore assumed to be eight-ninths of the total mass flow of 
exhaust gas M e . 

The mean jet velocity V e was computed from the data obtained 

for a 2£-inch straight stack (see fig.' 10 of reference 1) as a 
function of p q A/M^ where 

p turbine exhaust pressure, pounds per square foot 
e ~~ 

A effective nozzle area, square feet 

The effective nozzle area to be used for calculating -n A^M., 
branched stacks is determined by multiplying the area per stack by 
the number of cylinders connected to the turbine. The effective 
nozzle area of the stacks used was 16.88 square inches. 

The power-output data for the engine and turbine shown in fig- 
ure $ were corrected to a constant carburetor-air temperature and 
engine inlet-manifold pressure. Engine power and mass flew of com- 
bustion air were assumed to vary inversely as the square root of 
the absolute carburetor-air temperature and directly as the first 
power of the inlet-manifold pressure. 

The corrections of turbine-power data to the basis of constant 
engine inlet pressure were made by a -method derived from the anal- 
ysis of reference 1. A similar method was used to account for the 
variation in turbine power with the total mean turbine-inlet-gas 
temperature. The details of ' these corrections are described in the 
appendix. 



RESULTS AND DISCUSSION 

Power output of the engine and turbine* - The power delivered 
by the Pratt & Whitney R-I3J4O-I2. engine, discharging its exhaust to 
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a standard collector and the power delivered by the engine discharg- 
ing its exhaust to the blowdown turbine,, is shown in figure 5 
together with the turbine p&rev obtained at the ox->timum permissible 
turbine speed. At the lovrest turbine exhaust pressures the turbine 
speed was limited to the rated speed of 21,300 rpm. A larger power 
output could have been obtained at a higher turbine speed. The 
data in this figure were corrected to a carburetor-air temperature 
of 90° F and an engine inlet-manifold pressure ox 33 • 5> inches of 
mercury absolute. 

Effect of the turbine o n e ngine powe r. - At the lowest turbine 
exhaust pressuri7~the poorer of the engine exhausting to the blow- 
down turbine was slightly smaller (1 percent) than the power of the 
engine discharging to a standard collector at a pressure equal to 
the turbine exhaust pressure. As the exhaust' pressure increased, 
the power loss with the turbine operating decreased.. For exhaust 
pressures greater then 20 inches of mercury absolute there was no 
measurable cover loss* No measurable change in engine-air weight 
flow was caused by the presence of the turbine. ' The brake horse- 
power shown in figure 5> was obtained with the air to the carburetor 
supplied directly from the room. The pressure drop through the air- 
measuring orifice and duct was 3 inches of mercury and the carburetor 
pressure was 26 inches of mercury absolute. In order to determine 
the net power at altitude it is necessary to subtract the super- 
charger power required to obtain a carburetor-inlet pressure of 
26 inches of mercury* Because this power would be the same for the 
two cases in figure < at any given exhaust discharge pressure, it 
does not affect the. comparison, which reveals the negligible effect 
of the presence of the turbine on the engine power. 

With respect to its effect on engine power, the blowdown tur- 
bine is similar -to the Buchi exhaust-gas turbine (reference 3)» 
In both systems the exhaust piping is arranged to avoid producing 
back pressure on the cylinders toward the end of the exhaust stroke 
and particularly during the valve overlap or scavenging period. 
No attempt is made in the blowdown turbine to provide a resonant 

or tuned exhaust-stack system sometimes mentioned in connection 
11 

with the Buchi system. 

The ratio of the brake mean effective pressure to the inlet- 
manifold pressure bmep/p m plotted, against the ratio of the exhaust- 
discharge pressure to the inlet-manifold pressure p e /p m is shown, 
in figure 6. 

• References 1 and U showed that the effect of an exhaust restric- 
tion on engine power is determined by the value of the ratio v d n/A 
where 
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v^ displacement volume, cubic feet 

n engine speed, revolutions per second 

For this turbine the effective nozzle area was 0.132 square foot 
(for nine cylinders), At an engine speed of 2000 rpm the value of 
v^n/A was therefore 19S feet per second. A loss in engine power 
from 2 to 3 percent was expected at the lowest exhaust pressure for 
this value of v^n/A. (See reference Iw ) Because the loss was less 
than predicted, it must be concluded either that the Pratt & 
Whitney R-13.'|0-12 engine is. slightly less sensitive to exhaust-pipe 
restriction than the wright 1820-0 engine used for the tests of 
references 1 and k or that the blowdown turbine exerts a favorable 
suction effect during the last part of the exhaust stroke when the 
velocity of flow through the exhaust system is small. 

Turbine power output and speed characteristics . - The turbine 
power output (fig. 5) as measured, using the exhaust gas from eight 
of the nine cylinders, varied from about 9 percent of engine power 
at a turbine exhaust pressure of 28' inches of mercury absolute 
(pp/pm = °*8U) to about 21 percent of engine power at 1 inches 
of mercury absolute (p e /pni 85 0.22). At the lowest exhaust pres- 
sure, the turbine power output varied through a range of about 
9 percent of turbine power with the amount of leakage into the tur- 
bine housing around the four turbine-inlet pipes. The data at this 
exhaust pressure (?.£ in. Kg absolute) are not considered entirely 
satisfactory. The ratio of the turbine power output to engine 
power output at constant engine speed increases with a decrease 
in the ratio p e /p m * 

The variation of turbine power output with turbine speed for 
constant engine power output is shown in figure 7» These curves are 
similar in shape to the power-speed curves of single-stage steadyr- 
flow impulse turbines. The b low down- turbine power output is nearly 
independent of speed near the maximum power output. A deviation in 
speed of 10 percent from the optimum speed reduces the power output 
only approximately 1 percent. 

The carburetor-inlet pressure for these tests averaged 26 inches 
of mercury absolute. This pressure could be provided at high alti- 
tude by passing the gas from the blowdown turbine to a conventional 
turbo super charger of proper size operating at a nozzle-box pressure 
of approximately 26 inches of mercury absolute. The blowdown- turbine 
power output with a discharge pressure of 26 inches of mercury abso- 
lute would be approximately 10 percent of the engine-shaft power on 
the basis- of utilizing the exhaust gas from eight of the nine cyl- 
inders. If all the exhaust gas were utilized in the turbine, the 
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power would be increased one-eighth larger and would amount to 

li~ percent of engine power. It is evident therefore that, even 

in a power plant equipped with a turbosuper charger , an appreciable 
gain in power and economy can be obtained by installing a blowdown 
turbine between the engine and turbo supercharger ♦ This arrange- 
ment is only one of a number of possible applications of the blow- 
down turbine; further study is required to determine the most 
advantageous application. 

At a turbine exhaust pressure of 26 inches of mercury absolute, 
the blovdovjn turbine imposed no loss in engine power, (See fig. £.) 
At a given set of engine conditions, the mean jet velocity from a 
single exhaust stack' or a branched exhaust stack increases when the 
exit area is reduced. (See references 1 and i;. ) A greater total 
power output could therefore be obtained from the turbine and engine 
by the use- of nozzles small enough to produce a small loss in engine 
power. The percentage gain in power provided by the blowdown tur- 
bine in the application under discussion will increase with an 
increase in the inlet-manifold pressure for constant exhaust pres- 
sure. 

The speed of the turbine for the maximum output with an exhaust 
pressure of 26 and an inlet-manifold, pressure of 33 • 5 inches of 
mercury absolute is approximately 16,000 rpm. (See fig. 70 This 
speed is about 7? percent of the rated turbine speed; hence, the 
centrifugal stress in the buckets is only £6 percent of the centrif- 
ugal stress at rated speed. When the inlet-manifold pressure is 
increased, to $2 inches of mercury absolute with the exhaust pres- 
sure of 26 inches of mercury absolute, the- optimum turbine speed is 
approximately the rated speed* 

When the blowdown turbine and a conventional turbosuper charger 
are used in series, the blowdown turbine may bo geared to the engine. 
Aircraft engines are operated at high speed for emergency power out- 
put and at .successively reduced speeds for rated-power and cruising- 
power operation. With approximately constant blowdown- turbine 
exhaust pressure, the nozzle- jet velocity decreases approximately 
in the same proportion as the engine speed. A blowdown turbine 
geared to the engine crankshaft 'with a fixed-ratio gear train will 
therefore operate at nearly optimum speed for each engine power out- 
put. 

- Mean turbine efficie ncy. - The variation of the mean efficiency 
^ of the blowdown turbine, defined by equation (2) with the blade- 
speed, to mean- jet-speed ratio, is shown in figure 8. (The maximum 
turbine efficiency is obtained at a turbine pitch-line velocity of 
approximately O.h V' e .) The greatest mean efficiency attained is 
approximately 72 percent. 
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For the lowest turbine exhaust pressures, the mean efficiency 
decreases as the exhaust pressure decreases. With a turbine exhaust 
pressure of ?.£ inches of mercury absolute, the instantaneous peak 
value of the ratio of the impact pressure in the nozzle to the tur- 
bine exhaust pressure may be as great as 7 or 8. (See fig,. 12(b) 
of reference 1..) The pressure ratio for the greatest efficiency of 
a type B turbine is appreciably lower than 7. For pressure ratios 
lower than that for the greatest efficiency,, the bucket efficiency 
is nearly constant but, for greater pressure ratios, it decreases 
appreciably. A lower mean turbine efficiency is, therefore, to be 
expected for low turbine exhaust pressures. 

The value of V e used for the computation of the mean turbine 
efficiency was that measured for a 25-inch straight stack. (See 
fig. 10 of reference 1.) Previous tests with an exhaust stack 
having a side branch had shovvn that the mean jet velocity V was 
smaller than the. velocity for a straight stack or a curved stack. 
(See fig. h of reference 3«) The branched-stack jet-velocity data 
gave mean turbine efficiencies greater than 90 percent; the diagram 
efficiency of the turbine, excluding all losses, is only 86 percent. 
The peak mean efficiency of the blowdown turbine was expected to be 
about 80 percent. The mean jet velocity for the stack arrangement 
used in the blowdovjn turbine, therefore, is probably greater than 
the velocity for the branched stack tested in reference 3 but may 
be less than that for a straight stack. 

The variation of the maximum mean turbine efficiency is shown 
in figure 9 as a function of the jet-velocity parameter p e A/M^. 
The correlation is not satisfactory for the lowest exhaust pres- 
sures (low PqA/M^). A small, but variable, leakage occurred from 
the turbine into the turbine housing through the packing glands 
around the inlet pipe and caused a corresponding variation in the 
pressure p behind the wheel at the lower turbine exhaust pres^- 
sures. The turbine output apparently varies with the pressure p vr . 

The maximum turbine output per pound of exhaust gas and the 
estimated optimum turbine pitch-line velocity is shown in figure 10 
as a function of p^A/M^. At the lowest values of p e A/M t , the 
turbine power is that obtained at rated turbine speed (21,300 rpm) 
rather than at the optimum speed. The turbine-power data obtained 
with full-open engine throttle form a smooth curve except for two 
points at the lowest value of p e A/M^. (See the preceding discus- . 
sion of fig. <?• ) 
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The efficiency and power data obtained at part engine throttle 
fall below the full-throttle curve. YJhen the turbine data are cor- 
rected for the variation of turbine inlet-gas temperature with 
engine power, the two sets of data are in good agreement. 

The mean turbine efficiency is a measure of the ability 

of the turbine to recover kinetic energy at the nozzle exit. This 
efficiency is larger than the efficiency attained with the same 
buckets in a conventional turbine because the available energy is 
usually computed with the condition of the fluid at the nozzle 
inlet and losses are suffered in the nozzles. These losses are not 
considered in' defining the mean efficiency of the blowdown turbine. 

The greatest work recovered by the blowdown turbine was approx- 
imately JO percent of the work that is theoretically available tc 
an ideal machine in the expansion of the exhaust gas from its pres- 
sure in the cylinder at the time of exhaust-valve opening to the 
prevailing atmospheric pressure. 

Effect of the blowdown turbine on e x haust-gas temperature . - 
The variation of the exhaust-gas 'temperature at the turbine outlet 
with turbine power for an exhaust pressure of 7-5 inches of mercury 
absolute is shown in figure 11. The temperature measured with a 
quadruple-shielded thermocouple was assumed to be the total turbine 
exhaust-gas temperature. The mean total gas temperature at the 
turbine' inlet was computed by adding to the measured turbine-outlet 
temperature the temperature difference corresponding to the power 
per pound of gas removed by the turbine. The computed total inlet 
temperature was not quite constant. Small variations of the fuel- 
air ratio occurred during the tests. The effect of fuel-air ratio 
on total temperature at the turbine inlet is included in figure 11. 

The effect of engine power on the total turbine inlet-gas 
temperature at a fuel-air ratio of 0,075 is shown in figure 12. 
The exhaust-gas temperature increases with engine power because the 
heat rejection per pound of exhaust gas from the engine and its 
exhaust piping to the cooling air is greater at low engine power. 
The correction of the part-throttle turbine data to constant exhaust 
temperature was made from these data. 

Condition o f the blowdown turbine after t ests. - During the 
tests the blowdovm turbine was operated for a total time of approx- 
imately 2h hours. Although a small stretching of the buckets 
occurred, the stretching was less than that normally experienced 
in conventional exhaust-gas turbine operation with the same inlet- 
gas temperature. One bucket showed a deformation of the shroud due 
either to bucket vibration or to initial bending stresses. (See 
fig. 13.) • 
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The turbine buckets apparently ran quite cool, as suggested 
by the appreciable lead deposits found on the exit side of the 
buckets, • Cool running of the buckets was expected because the 
buckets are exposed to the hottest exhaust gas for a short time 
and to the coolest exhaust gas for a relatively long time. The 
lead deposits are shown in figure li|. These lead deposits -are an 
index of flow conditions because solid particles tend to accumulate 
in regions of separation of flow. Streaks in the lead deposits 
show the direction of flow of the gas over the buckets. 

The flow in a blowdown turbine is similar to that in a 
Holzworth explosion turbine; the problems arising from blade vibra- 
tion and thermal erosion due to the rapidly varying gas temperatures 
are therefore similar. . (See reference £.) 

Numerous small local deformations of the leading edges of the 
buckets (fig. l£) and trailing edges of the nozzle-box guide vanes 
(figs. 3(b) and 16) were noted. These deformations apparently 
resulted from the action of large solid particles in the gas stream. 
The wheel-nozzle clearance was originally set at 0.11 inch but owing 
to warping the clearance was not maintained. Actual contact of the 
wheel and one nozzle occurred at one time during tests, as shown 
by polished spots on the buckets and nozzles. The deformation of 
nozzles caused by thermal expansion is a serious problem because 
each nozzle must be connected to a separate tail pipe. 

The leading edges of the buckets were rounded or eroded more 
than in previous tests with the same type wheel at approximately 
the same total turbine-inlet exhaust-gas temperature with steady 
flow* This rounding could have been caused by mechanical erosion 
by solid particles in the gas stream or, as seems more likely, by 
the thermal erosion caused by the extremely rapid alternate heating 
and cooling of the bucket leading edges. Thermal erosion can be 
reduced by using round^nosed buckets to increase the ratio of inter- 
nal heat-transfer area to external heat-transfer area. 

The total damage to the turbine was not serious and did not 
interfere with the tests. 



CONCLUDING REMARKS 

The results of the tests of a blowdown turbine on a Pratt & 
YJhitney R-13UO-12 engine, conducted to determine whether appreciable 
power could be developed by the blowdown turbine without affecting 
the engine power through exhaust restriction, at an engine speed of 
2000 rpm and an inlet-manifold pressure of 33 • 5 inches of mercury 
absolute showed that: 
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1. The blowdown turbine developed a power equal to 9 percent 
of the engine power with a turbine exhaust pressure of 28 inches 
of mercury absolute and 21 percent of engine .power with a turbine 
exhaust pressure of 7.5 inches of mercury absolute. 

2, The engine power was decreased a maximum of 1 percent by 
the presence of the turbine as compared with the conventional 
exhaust collector ring discharging to an equal pressure. No engine- 
power loss was imposed by the presence of the turbine with turbine 
exhaust pressures greater than 20 inches of mercury absolute. 

J. After a total test time of 2k hours no evidence of failure 
from bucket vibration was observed* 

k» Some evidence of erosion of the leading edges of the buckets 
was noted. 

Aircraft Engine Research laboratory, 

National Advisory Committee for Aeronautics , 
Cleveland, Ohio. 
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APPENDIX - CORRECTION OF SLOWDOWN TURBINE POWER FOR VARIATIONS 
IN ENGINE OPERATING CONDITIONS 
he mean turbine efficiency has been defined by the eq.ua- 



rn 

tion 



1100 P + 

nt r (2) 

M t ? e 

where the mean jet velocity V 0 is a function of the parameter 
PqA/M^. The results of the present tests showed that the maximum 
values of tj+. were suff iciently independent of the value of PgA/Mj. 

within the range of variation required for small corrections that . 
equation (2) may he used to predict the effect of changes in operat- 
ing conditions on turbine power. 

The data on turbine power output (shown in fig. 5) was corrected 
to the "basis of constant carburetor-air temperature and constant 
inlet-manifold pressure by the following steps: 

(a) Compute the corrected engine-air and exhaust-gas mass flows 

(b) Compute tL from equation (2) using the uncorrected mass 

flow and. Y e from figure 10 of reference 1 

(c^ Compute (M+-) from the equation 

° corr 

(Me) c 

( M t) CO rr = *t "~MT 



corr 



(d) Compute ( v e) corr from figure 10 of reference 1 using 

the corrected turbine exhaust-gas flow 

(e) Compute (P+) from an inverted form of equation (2) 

corr 



(M t ) (y e ) 

corr 

rt ''corr ~ HOC 



^J" (3) 



The part-throttle data in figures 9 and 10 have been corrected 
to the basis of full- throttle exhaust-gas temperature by the fol- 
lowing method: 
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The theory of exhaust stacks developed in reference 1 shows 
that the mean jet velocity, V e is a function of the gas temperature 
and the parameter p t JyM t . The mean jet velocity decreases with a 
decrease in temperature for constant p e A/M t « In the application 
of a correction to the turbine output and efficiency for variations 
in temperature, V Q was assumed to vary with temperature according 

to the relation 



S5 -P 



/p AySvL \ 

r do 



7ve V'vy 

where 

R 0 the pas constant of the exhaust at the test fuel-air ratio 
e " 

T mean exhaust-gas temperature, °F absolute 
e 

The relationship expressed in equation ();) was inferred from equa- 
tion (1$) of reference 1. 

The following steps are. involved in the correction of turbine 
efficiency: 

(a) Compute P e A/M t and find V e from figure 10 of reference 1 

(b) Compute (Pe A At) corr from the ec T aation 

* x ' corr ^ e e 

where 

T s mean exhaust temperature to which basis the data is being 
corrected, °F absolute 

E s corresponding gas constant 

(c) Compute the .jot velocity V e ! from figure 10 of refer- 

ence 1 corresponding to (p e A/M-t) 

corr 
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(d) Compute 



We 



(Ve) corr = Ve V R S T S 



If the fuel-air ratio is a constant, R e = R s and the cor- 
rection may be based solely on temperature; othervri.se the vari- 
ation in fuel-air ratio should be included. 

(e) ComDute the corrected efficiency (rj.) from the 

* b corr 

equation 

jt 'corr ^ \fv \ ' j 
Ve' corr / 

The following steps are involved in the correction of turbine 
power : 

The turbine power and pitch-line velocity are corrected to the 

conditions corresponding to (p p A/M + ) for which the mean jet 

fc ' ^ corr 

velocity is V 1 . The corrected values are indicated by primed 
tJ e 

symbols. 

(a) Compute P^ 1 from the equation 

/ V i \ 2 
/ e \ 



P t » = P t (— J 

\ e corr/ 

(b) Compute the corrected pitch-line velocity u 1 from the 
equation 



u 1 - u 



V 



<v e ) 



corr 



•where u is the turbine pitch-line velocity, feet per second. 
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Figure 2. - Arrangement of guide uones In blovdovn-turbine 
nozzle box. 
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Figure 5. - />ower output of Pratt & Uhltney R-1340-12 engine and 
blovdown turbine. Engine speed, 2000 rpm. Data cor- 
rected to a carburetor-air temperature of 90° F and an 
inlet-manifold pressure of 33*5 inches of mercury 
absolute. 
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Figure 6. - Effect of blowdoun turbine on power of Prott £ Whitney 

R-1340-12 engine. Engine speed, 2000 rpm; full throttle. 
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Figure 7. - forlotlon of turbine power with turbine speed, 
speed, 2000 rpa; full throttle. 
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Figure 8. - Variation of mean turbine efficiency ulth ratio of blode 
speed to mean Jet speed. Engine speed, 2000 rpm; full 
throttle. 
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Figure 10. - Maximum turbine power output per pound of exhaust gas 
and optimum turbine speed. Engine speed, 2000 rpm. 
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Figure 11. - Variation of exhaust-gas temperature of turbine outlet 

with turbine power. Aueroge engine power, 513 horsepower; 
engine speed, 2000 rpm; exhaust pressure, 7.5 Inches of 
mercury absolute. 
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Figure 12. 



Iff eat of engine power on exhaust-gas temperature of 
Pratt & Vhltney R-1340-12. Engine speed, 2000 rpm; 
fuel -air ratio, 0.075. 
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